Endurance training improves exercise performance and insulin sensitivity, and these effects may be in part mediated by an enhanced fat oxidation. Since n-3 and n-9 unsaturated fatty acids may also increase fat oxidation, we hypothesised that a diet enriched in these fatty acids may enhance the effects of endurance training on exercise performance, insulin sensitivity and fat oxidation. To assess this hypothesis, sixteen normal-weight sedentary male subjects were randomly assigned to an isoenergetic diet enriched with fish and olive oils (unsaturated fatty acid group (UFA): 52 % carbohydrates, 34 % fat (12 % SFA, 12 % MUFA, 5 % PUFA), 14 % protein), or a control diet (control group (CON): 62 % carbohydrates, 24 % fat (12 % SFA, 6 % MUFA, 2 % PUFA), 14 % protein) and underwent a 10 d gradual endurance training protocol. Exercise performance was evaluated by measuring VO 2max and the time to exhaustion during a cycling exercise at 80 % VO 2max ; glucose homeostasis was assessed after ingestion of a test meal. Fat oxidation was assessed by indirect calorimetry at rest and during an exercise at 50 % VO 2max . Training significantly increased time to exhaustion, but not VO 2max , and lowered incremental insulin area under the curve after the test meal, indicating improved insulin sensitivity. Those effects were, however, of similar magnitude in UFA and CON. Fat oxidation tended to increase in UFA, but not in CON. This difference was, however, not significant. It is concluded that a diet enriched with fish-and olive oil does not substantially enhance the effects of a short-term endurance training protocol in healthy young subjects.
Since Bang et al. (1) reported that the low incidence of type 2 diabetes mellitus and CVD in indigenous residents of Greenland was related to a high intake of long-chain n-3 fatty acids, health benefits of those fatty acids have been widely investigated. n-3 Fatty acids lower plasma and muscle TAG, have anti-inflammatory, anti-thrombotic, vasodilatory and mild hypotensive effects (2) . Mechanisms of action may involve the incorporation of n-3 fatty acids in plasma membranes, and/or subsequent modulations of PG and eicosanoid metabolism (3 -5) . Thus, it was shown that an increased proportion of n-3 fatty acids in the membrane of cardiomyocytes was related to an improved heart function (3, 4) . The effect of n-3 fatty acids on glucose homeostasis remains, however, controversial. Fish oil supplementation efficiently prevents the development of insulin resistance induced by a high-fat diet in rodents (6) , but has also been reported to worsen glucose homeostasis in type 2 diabetes (7 -10) . Since insulin resistance appears to be closely linked to altered lipid metabolism and lipotoxicity, and since n-3 fatty acids may promote fat oxidation (11) , it can be hypothesised that fish oil supplementation would be more efficient when combined with another intervention aimed at increasing fat oxidation.
Not only n-3 fatty acids, but also dietary MUFA are held to exert beneficial effects to prevent metabolic disorders. Olive oil, rich in n-9 unsaturated fatty acids, is an important component of the 'Mediterranean diet', which has been reported to lower cardiovascular risk. Meals or diets rich in MUFA have also been associated with a stimulation of lipid oxidation in human subjects (12, 13) . Endurance training increases whole-body insulin sensitivity, improves glucose tolerance, and contributes to a loss of body fat mass in overweight, insulin-resistant individuals (14 -16) . Furthermore, endurance training enhances fat oxidation (17) , and this effect may be instrumental in increasing exercise performance and improving glucose homeostasis.
Since endurance training and diets high in unsaturated fatty acids share several beneficial effects on metabolic and cardiovascular health, and since both may involve an improved fat oxidative capacity, we hypothesised that their combination may have synergic or additive effects. Specifically, we expected that physical performance, fat oxidation and insulin sensitivity would increase after short-term training and that this increase would be enhanced in subjects receiving a diet in which part of the carbohydrates were replaced by n-3 and n-9 unsaturated fatty acids.
Subjects and methods

Subjects
The study participants were sixteen young sedentary men. A physical examination and a brief medical history revealed that the participants were in good health. They had no family history of diabetes and did not take any drugs. They were non-smokers and did not drink alcohol on a regular basis. Subject characteristics are displayed in Table 1 . The participants were included if they self-reported a low habitual physical activity (, 1 h per week) for at least the past 1 year and if their VO 2max , assessed by an incremental exercise test, was less than 50 ml/kg per min.
Study design
The study design is presented in Fig. 1 . Participants were randomly assigned to receive either a diet in which 10 % of dietary carbohydrates was substituted with n-3 fatty acids (Omega 3 Gisand; Gisand w , Bern, Switzerland; six capsules per d; two per meal, providing a total daily dose of 1·1 g 20: 5n-3 (EPA) and 0·7 g 22: 6n-3 (DHA)) and olive oil (unsaturated fatty acid group; UFA) or a balanced control diet (control group; CON). Both diets were isoenergetic, and total energy intake was calculated as predicted by the RMR (using the equation of Owen (18) ) times 1·4 to account for a low usual physical activity. Complete description of the diets is given in Table 2 . After inclusion, all subjects consumed the assigned diet for 4 weeks. During the initial 2 weeks, the diet was followed according to the prescription made by a registered dietitian. During 3 d before the preliminary metabolic tests and during the last 2 weeks, all the food was prepared at the Department of Physiology and was provided to the participants.
At the end of week 2 1, glucose and lipid homeostasis and substrate oxidation were assessed by indirect calorimetry after the ingestion of a test meal; this test was immediately followed by a measurement of VO 2max . On the following day, an exercise test (cycling on an ergometric bicycle at 50 % VO 2max ) was performed, and substrate oxidation was monitored with indirect calorimetry. A lipid load of olive oil labelled with [ 13 C 3 ]triolein was administered orally and breath 13 CO 2 was monitored to calculate exogenous lipid oxidation. Immediately after this exercise test, endurance capacity was measured. This test consisted of cycling at a power output corresponding to the subjects' 80 % VO 2max until exhaustion.
Endurance training started at day 1 of the third week and consisted of eight sessions of indoor cycling with the exercise intensity increasing over the 10 d period (Fig. 1) . A gradual training protocol was chosen based on the hypothesis that, during the training process, morphological and metabolic adaptations are triggered by an exercise-induced cellular energy deficit, leading to activation of AMP-activated protein kinase (19) , and on the observation that the threshold for considerable AMP-activated protein kinase activation seems to move toward higher exercise intensities over time (20) . Since fat oxidation was one major endpoint in the present study, we hypothesised that an optimal stimulus aimed at increasing fat oxidation would be in the range of intensities eliciting maximal fat oxidation rates, reported to be between 45 and 64 % VO 2max (21, 22) . Dietary intakes were adapted on training days to account for the extra energy expended during training sessions. The test meal and VO 2max measurements were repeated on day 11 and the exercise and endurance capacity tests on day 12 after the beginning of training. The present study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects were approved by the ethics committee of Lausanne University School of Medicine. Written informed consent was obtained from all subjects.
Experimental procedures
Test meal. The purpose of this test meal was to determine how diet and training modulated glucose tolerance and insulin sensitivity on one hand, and lipid oxidation on the other hand. A test meal with a high carbohydrate content, identical in both groups, was selected. The subjects reported at 07.00 hours to the metabolic unit of the Lausanne University Hospital after an overnight fast. On arrival, the subjects were asked to void, and their body composition was estimated by bioimpedance technique (Imp DF50; ImpediMed, Eight Mile Plains, Australia). An indwelling catheter was inserted into an antecubital vein of the wrist for blood sampling. After a 30 min rest period, resting energy metabolism was measured by open-circuit indirect calorimetry (Deltatrac II; Datex Instruments, Helsinki, Finland). Net substrate oxidation rates were calculated from respiratory gas exchanges and urinary N excretion using the equations of Livesey & Elia (23) . After basal recordings were obtained during 30 min (from T -45 to T-15), the ventilatory canopy was removed and subjects consumed within 15 min a standardised mixed meal corresponding to 29 % of their daily energy requirements, containing 69 % of energy as carbohydrates, 13 % as protein and 18 % as fat. At T0, indirect calorimetry was resumed and continued for the next 240 min. Venous blood samples were collected at T-15 (baseline) and then from T þ 30 to T þ 240 at 30 min intervals. Blood samples were immediately centrifuged at 48C, plasma was sampled and stored at 2 208C until analysis.
VO 2max . VO 2max was assessed during an incremental exercise test performed on a cycle ergometer. Respiratory gas exchanges were measured breath-by-breath using an indirect calorimetry cart (Vmax Spectra V29c; SensorMedics, Yorba Linda, CA, USA). Data were averaged at 30 s intervals. The exercise was started at a power output of 50 W, which was increased by 25 W every 2 min. Heart rate (HR) was continuously monitored. Ratings of perceived exertion were assessed with the Borg scale (with levels 0-10) and were recorded at the end of every workload. The test ended when the subjects voluntarily stopped or when they could not maintain the exercise cadence of 70 rpm any more. Criteria for the determination of VO 2max were: plateau in O 2 consumption with increasing work rate (D O 2 , 150 ml/min). Secondary criteria were: RER . 1·10 and ratings of perceived exertion . 8.
Exercise test. Subjects reported to the metabolic unit at 07.00 hours after an overnight fast. During the first 180 min, subjects rested in a supine position. At four time points -T0, T þ 60, T þ 120 and T þ 180 -the subjects ingested 10·5 g olive oil containing 1 % of labelled [1,1,1-
13
C 3 ]triolein (99 %) (Cambridge Isotope Laboratories, Andover, MA, USA). Breath samples were collected in 10 ml glass containers at T -30 and T0 to determine basal 13 CO 2 abundance by MS and at T þ 120, T þ 150 and T þ 180 to estimate exogenous fat oxidation. Thereafter the exercise bout started. At time T þ 220, the subjects warmed up at 60 W for 5 min, then they cycled during 45 min at a power output corresponding to approximately 50 % VO 2max (i.e. the workload which elicited 50 % of VO 2max during the VO 2max test.). Indirect calorimetry was performed during the last 30 min. Blood and breath samples were collected at T þ 240, T þ 255 and T þ 270. At the same time points, ratings of perceived exertion were assessed. After the training period, the tests were performed at the same absolute power outputs.
Endurance capacity test. At the end of the exercise test, workload was increased to elicit 80 % of the participants' VO 2max . The subjects were asked to maintain the pedalling frequency at 70 rpm as long as possible. Time to exhaustion was assessed as a measure of endurance capacity. HR was continuously recorded and ratings of perceived exertion were recorded at 2 min intervals. The test was stopped upon voluntary cessation of exercise or when the pedalling frequency could not be maintained any more. Water was provided ad libitum.
Training
Each subject engaged in a supervised endurance training programme on a bicycle ergometer (Ergoline, Bitz, Germany) for 8 d (day 1 to day 5 and day 8 to day 10). Training was performed in the morning after breakfast. Exercise intensity increased gradually from 50 % VO 2max to 65 % VO 2max at day 9. Exercise duration was 30 and 45 min on alternate days (Fig. 1) . At day 10 exercise intensity was reduced to 50 %. Day 6 and day 7 were resting days.
Analytical procedures
Colorimetric methods were used to assess plasma concentrations of NEFA (kit from Wako Chemicals, Freiburg, Germany) and TAG (kit from Biomérieux Vitek, Lyon, France). Commercial RIA kits were used for the determination of plasma insulin and glucagon (LINCO Research, St Charles, MO, USA). Concentrations of lactate and b-hydroxybutyric acid were measured enzymically using kits from Boehringer (Boehringer, Mannheim, Germany). Plasma glucose concentrations were measured by the glucose oxidase method (Glucose Analyser II; Beckman Instruments, Fullerton, CA, USA). Enrichment of 13 C in expired breath samples was determined by isotope ratio MS (Sercon, Crewe, Cheshire, UK). GC-MS (model 5979; HewlettPackard, Palo Alto, CA, USA) was used for the determination of DHA:palmitate and DHA:linoleate ratios in plasma lipids as markers of compliance to n-3 fatty acid consumption (24) .
Statistical analysis
The effect of group, time (training) and their interaction on variables of interest was assessed by using linear regression with random coefficients. To determine differences between the two groups for the baseline anthropometric data as well as for exercise intensity during the exercise test and the endurance capacity test, t tests for unpaired data were used. Correlations were assessed by the non-parametric Spearman test. Level of significance was set at a ¼ 0·05. All the tests were performed with STATA software (version 9.1; StataCorp LP, College Station, TX, USA).
Results
Body composition
All participants complied with the supervised training protocol successfully. Their body weight and body composition were not different at the beginning and the end of the training period (Table 1) .
VO 2max and endurance capacity
VO 2max results are shown in Table 3 . Briefly, training did not significantly increase VO 2max , neither expressed in absolute value nor normalised for body mass. In contrast, the maximal workload achieved during the incremental test increased by 8 and 6 % in UFA and CON, respectively. No significant effect of group or significant group £ time interaction was observed. The evolution of endurance capacity is shown in Fig. 2 . The test was performed at similar workloads, 159 (SD 30) W in UFA and 171 (SD 32) W in CON (P¼0·48) and increased by 129 and 116 % in UFA and CON, respectively (P, 0·001 for time).
Test meal
Detailed results of fasting substrate oxidation and of plasma hormone and substrate concentration are displayed in Table 4 . In UFA fat oxidation was 0·53 (SD 0·31) mg/kg per min before, and 0·70 (SD 0·39) mg/kg per min after training. In CON fat oxidation was 0·62 (SD 0·20) mg/kg per min and 0·64 (SD 0·21) mg/kg per min for pre-and post-training, respectively (P¼0·57 for group; P¼0·75 for time; P¼0·28 for group £ time). Basal energy expenditure was slightly decreased after training at a borderline significant level (P¼0·07 for time). Basal TAG concentrations were lower in UFA (P¼0·02 for group) and were reduced after training (P¼0·001); this decrease was similar in CON (P¼ 0·57 for group £ time). Plasma insulin tended to decrease only in UFA (P¼0·09 for group £ time).
Mean substrate oxidation during the 4 h following ingestion of the mixed meal and incremental area under the curve (incAUC) for blood metabolites and insulin are displayed in Table 5 . Average fat oxidation decreased in response to the test meal. It was 0·28 (SD 0·21) mg/kg per min before, and 0·38 (SD 0·20) mg/kg per min after training in UFA; in CON it was 0·32 (SD 0·10) mg/kg per min and 0·34 (SD 0·15) mg/kg per min for pre-and post-training, respectively (P¼0·61 for group, P¼0·75 for time and P¼0·36 for group £ time). Insulin incAUC decreased by a similar amount in UFA and CON (P¼0·01 for time; P¼0·57 for group £ time). 
Exercise test
Detailed results of the exercise are displayed in Table 6 . Due to a technical problem with the bicycle ergometer, the results of one subject in CON could not be included. HR during exercise decreased significantly (P¼0·04 for time) by 18 (SD 11) beats per min in UFA and by 7 (SD 5) bears per min in CON, this decrease being significantly greater in UFA (P¼0·01 for group £ time). Fat oxidation tended to increase from 19 (SD 10) % before to 29 (SD 7) % of total energy expenditure after training in UFA, while it remained constant at 28 % (SD 13) % before and 29 % (SD 13) % after training in CON. There was, however, no significant difference between the two groups. Mean lactate during exercise decreased by 43 % in UFA and by 23 % in CON. The relative change in fat oxidation was neither associated with the relative increase in time to exhaustion (r ¼ 0·17; P¼0·54) nor with the change of maximal workload assessed during the VO 2max test (r ¼ -0·26; P¼0·36) nor with the decrease of insulin incAUC during the test meal (r ¼ -0·11; P¼0·69). C atom percent excess after ingestion of the labelled lipids at rest and during exercise. No significant effect of training, diet and their interaction was observed on 13 C atom percent excess.
Compliance
Compliance to diet and adherence to the provided fish oil capsules was verified by assessing the plasma DHA:palmitate and DHA:linoleate ratios in a fasting blood sample at the end of the study. DHA:palmitate was 0·13 (SD 0·01) in UFA v. 0·06 (SD 0·02) in CON (P,0·001). DHA:linoleate was 0·24 (SD 0·04) and 0·12 (SD 0·03) in UFA and CON, respectively (P, 0·001).
Discussion
Endurance training increases muscle fat oxidation capacity and, to a lesser extent, muscle mass. These changes in turn allow for an improved exercise performance, i.e. muscle strength and endurance. Since dietary n-3 and n-9 fatty acids are also known to enhance fat oxidation, we had hypothesised that those fatty acids would potentiate the effects of training on both fat oxidation and performance. The hypothesis of a synergistic effect of training and unsaturated fatty acids can be supported at the molecular level, by the observations that training-induced changes in muscle lipid oxidative metabolism involve the activation of the transcription factors PPAR (25, 26) or their target genes (27) and by the fact that unsaturated fatty 
UFA, unsaturated fatty acids group; CON, control group; CHO, carbohydrate.
acids are ligands for PPAR and exert part of their metabolic effects through this mechanism (6) .
Performance
Time to exhaustion more than doubled after training in both groups, indicating that our training protocol was efficient in increasing exercise capacity. A training-induced attenuation of lactate was observed during the preceding exercise at 50 % VO 2max , suggesting that at least some of the increase in time to exhaustion may be explained by metabolic adaptations. The effect of training on time to exhaustion was, however, not altered by n-3 and n-9 fatty acids. It has been shown by Jeukendrup et al. (28) that day-to-day variability is greater in time to exhaustion compared with time trial tests in trained athletes. Therefore time trial tests appear to be more powerful in detecting small effects of treatment on physical performance. However, time trial tests are not suitable for the assessment of endurance capacity of subjects unaccustomed to cycling and endurance competition. Moreover, it has been recently reported that time-to-exhaustion tests allow for assessing changes in performance due to different arterial oxygenation with similar sensitivity as compared with time trial tests (29) . Nonetheless, small synergistic effects of unsaturated fatty acids and training on performance might have remained undetected.
In contrast with the improved time to exhaustion, training failed to alter VO 2max to any significant extent. This is best explained by the fact that our training protocol included relatively mild exercise duration and intensities over a short period, compared with other training interventions of similar duration that resulted in an increase in VO 2max (30 -33) . In the present study HR during exercise at 50 % VO 2max was significantly decreased after training. This decrease was significantly greater in UFA. This is consistent with recent reports (34, 35) , showing that fish oil supplementation lowered HR during submaximal exercise in athletes, but did not further improve endurance capacity compared with controls.
Moreover, the present results are in line with a meta-analysis by Mozaffarian et al. (36) reporting a moderate but significant lowering of resting HR after fish-oil supplementation.
Based on these observations, we conclude that a diet enriched with n-3 and n-9 fatty acids did not potentiate the effects of training on the performance of previously sedentary young men. This is in accordance with studies performed on well-trained athletes receiving n-3 fatty acids, showing no further increase in VO 2max compared with controls (34, 37, 38) . 
UFA, unsaturated fatty acids group; CON, control group; CHO, carbohydrate; b-HBA, b-hydroxybutyric acid. 
Fat oxidation
In a recent study performed in our laboratory, Bortolotti et al. (24) reported that fish oil supplementation did not alter net fat oxidation during a single exercise bout. It remained, however, possible that a supplementation with n-3 and n-9 fatty acids would synergise the effects of endurance training on fat oxidation. In the present study net fat oxidation was assessed by indirect calorimetry at rest, after an overnight fast, during 4 h after the ingestion of a mixed meal and during exercise at 50 % VO 2max . We also assessed fat oxidation at rest and during exercise by monitoring breath 13 CO 2 after ingestion of 13 C-labelled triolein. Fat oxidation was not significantly altered after training in any of the conditions. This result is at odds with a report by Calles-Escandon et al. (39) showing an increased resting fat oxidation after a 10 d endurance training intervention. The cumulated energy expenditure during the training protocol used in their study was, however, considerably higher than in the present study. The limited total training duration (5 h) may therefore be a reason why our training protocol did not increase fat oxidation.
Insulin sensitivity
While the beneficial effects of regular and short-term training on insulin sensitivity are well documented in healthy and insulin-resistant subjects (14, 31, 40, 41) , the effects of unsaturated fatty acids, and more specifically of n-3 fatty acids, remain more controversial. In healthy subjects, fish oil supplementation did not alter the glycaemic excursion, but lowered the insulin response after a glucose load (42) . Several observations suggest that fish oil may improve insulin's actions in insulinresistant human subjects (43) or prevent diet-induced insulin resistance in rodents (6) . Other reports, however, indicate that fish oil may also impair insulin secretion, increase glucose production and worsen glucose tolerance in patients with type 2 diabetes (7, 9, 10) . In the present study insulin decreased a after the ingestion of the test meal in UFA and CON, while glucose concentrations and incAUC remained unchanged. This clearly indicates increased insulin sensitivity, but this effect was, however, not related to changes in fat oxidation. Based on the well-known effects of training on insulin sensitivity it is reasonable to speculate that this effect directly resulted from our training protocol. However, the post-training (but not the pre-training) test was done only 1 d after the last exercise. Since glucose metabolism can be altered up to 48 h after an acute bout of exercise (44) , it is possible that the last training session contributed to this improved insulin sensitivity. The improvement in insulin sensitivity was similar in subjects having received the diet enriched in n-3 and n-9 fatty acids ( -27 % insulin incAUC) and the control diet (-21 % insulin incAUC), indicating that unsaturated fatty acids failed to potentiate the effects of endurance training on insulin sensitivity. However, we observed a trend for basal insulin concentrations to decrease only in UFA (P¼0·09 for the group £ time interaction), which may suggest that a synergistic effect of unsaturated fatty acids and training remained undetected due to the low statistical power of the study. Furthermore, the present data, observed in young, insulin-sensitive subjects, do not allow us to discard the hypothesis that fish oil may exert such synergistic effect with exercise training in other groups of subjects.
Limitations
The present study has several limitations, which have to be acknowledged. First, only a small number of subjects were included, and it is therefore possible that subtle effects of unsaturated fatty acids on lipid oxidation may have passed undetected due to a low statistical power. Power analysis indicated that during exercise a minimal fat oxidation difference of 1·9 mg/kg per min would have had to be present in order to reach statistical significance with a power of 0·8, and this limit may obviously have been improved, but with a much larger number of subjects. Second, the present study included healthy, insulin-sensitive male subjects, and it remains possible that the combined effects of unsaturated fats and training would be more important in insulin-resistant patients with significant lipotoxicity. Third, an inherent limitation of the present study is the fact that the diets of the two groups differed in the amount of PUFA (EPA and DHA) and MUFA (oleate), making it impossible to assign specific effects to either type of fat. It also resulted in a higher total fat content and a lower carbohydrate content in the UFA group. This is, however, unlikely to have affected our conclusion, that unsaturated fatty acids and training had no synergistic effect with regard to fat oxidation. Finally, compliance to the diet was assessed by monitoring the DHA: palmitate ratio in plasma lipids, but not incorporation of these fatty acids in skeletal muscle membranes. The fact that the DHA:palmitate ratio was significantly higher in UFA compared with CON, however, indicates that the diets were adequately consumed. It remains nonetheless possible that a longer exposition would have been required for unsaturated fatty acids to be incorporated into skeletal muscle membranes and to produce muscle metabolic effects. The observation that HR was reduced with UFA, however, suggests that time of administration was sufficient to produce significant effects, at least on the heart.
Conclusion
The adaptation to exercise training with regard to performance and insulin sensitivity did not differ between a group receiving a diet enriched with n-3 and n-9 unsaturated fatty acids and the control group consuming a standard diet containing a high proportion of carbohydrates. It is possible that slight additive or synergistic effects on fatty acid oxidative capacities remained undetected due to the low power of the study.
